We describe herein the refined high resolution x-ray structures of two components of the bacterial cell wall, muramic acid and muramyl dipeptide complexed to isolectin I from Lathyrus ochrus seeds. In both complexes, only the ring hydroxyl oxygen atoms of the bound sugar establish direct hydrogen bonds with isolectin I, as in the case of all the previously determined monosaccharide-lectin complexes. In addition, the lactyl methyl of both components strongly interacts via hydrophobic contacts with the side chains of residues Tyr"' and Trp'" of isolectin I, which could explain the higher affinity of isolectin I for muramic acid as compared with glucose. These 2 residues, however, are not involved in the stabilization of the oligosaccharideisolectin I complexes. The dipeptide (D-Ala-D-iGln) of the second component is in stacking interaction with the N-acetyl group of glucose and with loop Glys7-Glyss of isolectin I. In addition to these van der Waals' contacts, the dipeptide interacts with the lectin via well ordered water molecules also. Superposition of the structures of the muramyl dipeptide complex and of the muramic acid complex shows that the glucose ring in the dipeptide compound is tilted by about 15" in comparison with that of muramic acid. The fact that the lactyl group has the same confrontation in both components reveals that the lectin is stereospecific and recognizes only diastereoisomer S of this group, which better fits the saccharide-binding site.
Legume lectins were recently shown to interact with components of the cell wall of bacteria: muramic acid (Mur)' and N-acetylmuramic acid (MurNAc) (Ayouba et al., 1991) . In contrast, they are less specific for N-acetylglucosamine (GlcNAc), also widely distributed in the cell wall of bacteria * This work was supported by the program IMABIO of the Centre National de la Recherche Scientifique and the PACA region. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The atomic coordinates for LOLMUR and LOLMDP (code lLOD and lLOC, respectively) have been deposited with Protein Data Bank, Brookhaven National Laboratory, Upton, N Y (Bernstein et al., 1977) . To whom all correspondence should be addressed. (Beveridge, 1981) . This suggests that both Mur and MurNAc would play a key role in the recognition of bacteria by plant lectins. This interaction could be related to the often reported coating and/or agglutination of bacteria by lectins (Pistole, 1981) . Both compounds are also susceptible to trigger some physiologically relevant plant-microorganism interactions such as symbiosis or defense against pathogenic bacteria (Lis and Sharon, 1981; Etzler, 1986; Van Driessche, 1988) , allowing a functional symbiotic association with compatible Rhizobium biovars to be developed (Diaz et al., 1989) . LOL I has a high affinity for the MDP molecule, which is the minimal structure for immunostimulatory and antitumor activity of peptidoglycans of bacteria (Koike et al., 1990) . In Mycobacteria, the DL comformer of MDP has an adjuvant property of immunity that allows it to be used as a substitute for the complete Freund's adjuvant (Adam et al., 1981) . Moreover, MDP is of special interest because its longer homologs can be used as models for the cell wall peptidoglycan. We describe here the two refined high-resolution structures of Mur and DD-MDP complexed to LOL I.
EXPERIMENTAL PROCEDURES
Isolation of Isolectin-The Glc/Man-specific lectin from Lathyrus ochrus seeds was isolated from seed meal extracts by affinity chromatography on Sephadex G-100 (Pharmacia LKB Biotechnology, Inc.) and subsequent elution with 0.1 M glucose (Agrawal and Goldstein, 1967) . Separation of the two L. ochrus isolectins, LOL I and LOL 11, was performed by chromatofocusing on PBE 94 (Pharmacia) in the pH range 8.5-5.0, as previously described (Rouge and SousaCavada, 1984) .
Inhibition of Hemagglutination-The hapten inhibition of hemagglutination was performed in U-bottom microplates (Flow Laboratories) as previously described (Ayouba et al., 1991) . Briefly, the wells were filled with 25 pl of a 2-fold serial dilution of 10 mM monosaccharide in Tris-buffered saline (pH 7.2). Isolectin, in a Tris-buffered solution corresponding to four hemagglutination doses as previously checked against ORh' erythrocytes, was then added (25 pl). After a 1-h incubation a t room temperature, 25 p1 of a 1% suspension of thrice-washed human ORh+ erythrocytes in Tris-buffered saline were added. Inhibition of hemagglutination was estimated 1 and 2 h later. Results are expressed as the minimum concentration (millimolar) of monosaccharide required to completely inhibit four hemagglutination doses (Table I) . Account was taken of the 3-fold dilution caused by the addition of isolectin and erythrocytes.
Crystallization and Data Collection-Crystallization of LOL I in the presence of Mur and MDP (Sigma) was performed under the same conditions as for LOLG (Bourne et al., 1990a) with a ratio of sugar to protein of around 10. Crystals of LOLMUR belong to space group P2, with unit cell -dimensions identical to the LOLM complex: a = 56.4 A, b = 139.8 A, c = 62.7 A, and p = 91". There are two dimers per asymmetric unit ( V,,, = 2.4 A3/Da) giving a solvent content of 48% (Matthews, 1968 Council, 1979) . Diffraction data statistics are summarized in Table 11 . Structure Refinement-Simulated annealing refinement of the model was carried out with the program X-PLOR (Briinger et al., 1987) . The two dimers in the asymmetric unit are positioned with their elongation axes roughly 90" to each other and their 2-fold noncrystallographic axes approximately parallel to the b axis. Structure 
Compounds in boldface are used in this study. Minimum concentration required to inhibit four hemagglutination doses. 
where N h is the number of symmetry-related reflections, M is the total number of equivalent hkl sets, and Z is intensity.
factors calculated from the refined LOLG coordinates and scaled against the observed data of the isostructural LOLMUR gave an Rfactor of 40% (F, > 1 o (F,) ) in the 8-2.8 8, resolution range. After 200 cycles of energy minimization and B-factor refinement, the Rfactor value was reduced to 25%. The resulting difference electron density maps clearly showed the position of the lactyl group in the vicinity of oxygen 0-3 of the glucose moiety in each of the four active sites with the graphic program TURBO-FRODO (Roussel & Cambillau, 1992) . This model was then subjected to a final energy minimization cycle of 200 steps at 2.05-A resolution, optimizing the stereochemistry of the previous model. The final R-factor value was equal to 19.7%. The final model includes two LOL I molecules of 452 residues each, four Mur molecules, four calcium ions, four manganese ions, and 312 solvent molecules. The root mean square deviations for bond distances and angles are 0.017 8, and 3.3", respectively. Structure factors calculated from the refined LOLMUR and scaled against the observed data of the isostructural LOLMDP gave an Rfactor of 40% (F, > 1 o (F,) ) in the 8-2.8-A resolution range. After the first refinement, the improved difference electron density maps allowed the positioning of dipeptide D-Ala-D-iGln and the N-acetyl group linked to the 0-9 and 0 -2 oxygen atoms of Mur, respectively. Only 1 residue of D-iGln cannot be modeled in the second monosaccharide-binding site (S-2) of LOL I. The resulting model was subjected to a simulated annealing refinement cycle between 6-and 2.05-A resolution, yielding an R-factor of 18.3%. Inspection of the subsequent electron density maps allowed the positioning of water molecules in the vicinity of MDP. The final model includes two LOL I molecules of 452 residues each, four MDP molecules, four calcium ions, four manganese ions, and 318 solvent molecules. Water molecules with densities lower than l o were rejected. The root mean square deviations from bond distances and angles are 0.017 8, and 3.2", respectively. Both Mur and MDP molecules are well defined in the final electron density maps (Fig. 1, a and b) . The two possible conformations of their anomeric oxygen atoms are observed in the structures of both complexes (Fig. IC) . In both structures, this oxygen has been modelized in the conformation. Statistics for the last refinement cycle of LOLMUR and LOLMDP are shown in Table 11 .
RESULTS AND DISCUSSION
Mur and MDP bind at the monosaccharide-binding site of LOL I located at the ends of the longest axis of the molecule (Fig. 2) (Bourne et al., 1990a) . This site is located near the calcium ion and is made by two glycine-rich loops formed by residues 97-100 and 208-211. The glucose moieties of Mur and MDP are positioned similarly as in the LOLG structure with oxygen atoms 0 -4 and 0-6 of the glucose moiety making hydrogen bonds with residues Glyg9, AsnIz5, and Aspa1 and GlyZo9, A1a2I0, and G1u211, respectively. Aspa1 and AsnIz5 also bind the calcium ion. The hydrogen-bonding schemes for Mur and MDP in the LOL I binding site are nearly identical. In Table 111 , their distances are compared with those formerly observed for LOLM and LOLG (Bourne et al., 1990a) . In addition to the hydrophobic interactions between the ring atoms of residue PhelZ3 and the C-5 and C-6 carbon atoms of the glucose moiety, the lactyl methyl (C-9) group of Mur establishes close hydrophobic interactions with Tyr'O", while the MDP interacts with both Tyr*O" and Trp'". This could explain the higher affinity of LOL I for Mur compared with glucose and mannose (Table I) . These additional hydrophobic interactions in the case of Mur certainly compensate the unfavorable C-2 equatorial conformation of the glucose moiety toward the binding site of LOL I. With regard to the fine specificity of LOL I for monosaccharides, a previous study allowed us to understand the higher affinity of LOL I for mannose compared with glucose (Bourne et al., 1990a) .
Comparison of the Ca trace of the LOLMUR and LOLMDP structures shows that they are similar. In a previous study, we showed that only the lpop 208-211 of LOL I has a slightly different position (0.8 A) in the structure of monosaccharides bound to LOL I compared with unliganded LOL I (Bourne et al., 1990a) . In the present case, the root mean square deviation between protein backbone atoms of LOLMUR and LOLMDP is 0.25 A, which is of the same order of magnitude as that observed between the LOLM and LOLG structures (Bourne et al., 1990a) . There is no significant deviation in loop 208-211, which indicates that the conformation of the monosaccharide-binding site is not influenced by the nature of the bound sugar. Apart from the deviation of loop 208-211 between LOL I and LOLMDP, the side chain of Am4' is displaced 1 b; from the position observed in the saccharide-free lectin structure. This movement is due to a van der Waals' interaction between Am4' and residue D-iGln of MDP. Mean distance from the two dimers. *From x-ray structures (Bourne et al., 1990a) . e ND is the atom code for Asn residue. OD is the atom code for Asp residue. The conformation of the dipeptide in MDP is primarily stabilized by well ordered water molecules (Fig. 3) , as is the case for a lectin-trisaccharide complex (Bourne et al., 1990b) . This indicates that ordered water molecules mediate not only carbohydrate-lectin but also peptide-lectin interactions through hydrogen bonding. Due to symmetry, these solvent molecules are more abundant in subsites S-1 and S-4 (Table  IV) . A larger number of solvent molecules surround MDP (30) compared with Mur (16). Only two in the two sets coincide. Among these water molecules, only two have similar positions (~1 A) in the unliganded structure (Bourne et al., 1990~) . Water molecules 2 9 8 % ' and 135W in LOLMDP coincide with 758W and 606W in LOL I, respectively.
FIG. 2. Stereo view showing the
The positions of the Mur moieties in the LOLMUR and LOLMDP differ slightly. Superposition of the protein C a atoms in the two complexes and subsequent comparison of the respective glucose moieties indicates a tilt of 15" for MDP relative to Mur (Fig. 4) . This also affects the ring hydroxyl oxygens, which were found to be displaced by at least 0.5 A causing small changes in the hydrogen bonding scheme particularly for 0 -3 and 0 -4 of MDP (Table 111 ). This ring tilt in MDP might be explained by the fact that residue D-Ala, which is stacked between the N-acetyl group of glucose and loop Glyg7-Glyg8, restrains the position of the lactyl group. As a result, the methyl group interacts more favorably with the side chain of TI-^'^', not observed for Mur (Fig. 3) . The higher flexibility of the lactyl group in Mur was established from superposition experiments comparing ring carbon atoms in the four bound Mur molecules in the asymmetric unit (sites S-1 to S-4) (Fig. 5a) . Moreover, Mur is stabilized by an intramolecular hydrogen bond between atoms 0-8 and 0-2, not possible for MDP. Upon structural comparison of the four bound MDP molecules in LOLMDP, the conformation of the lactyl groups appears more rigid than that mentioned above for Mur. It also reveals that the dipeptide in subsite S-1 has a conformation different from that observed in the three other subsites (Fig. 5b ). This structural difference is restricted around the dihedral angle defined by atoms C-8 of the lactyl group and backbone atoms N, C a , and C of D-Ala; this angle has a value of 56" in subsite S-1 and of 157" in subsites S-2, S-3, and S-4. This large difference is due to differences in crystal packing between subsite S-1 and the three other subsites. Despite a slight difference in its position, the lactyl methyl group adopts the S conformation in both complexes. This conformation is nicely accommodated by the sugar-binding site, indicating that LOL I is stereospecific for the S diastereoisomer.
In two out of the four subsites ($1 and S-4), Mur and MDP have B-factor values lower than the mean calculated with the four compounds (Table V) . A similar observation was made in the isostructural crystal complexes of LOL I with mannose and glucose (Bourne et al., 1990a) . Inspection of the crystal packing contacts around the four monosaccharidebinding sites reveals that sugars bound at these more highly ordered subsites are stabilized by lattice interactions and by solvent. Table I indicates stereospecificity of LOL I for DD-MDP.
Our model building attempts, fitting the DL and LL conformers into the active site of LOL I, revealed steric crowding between the side chain of L-Ala and those of residues and TrpI2' (Bourne et al., 1990a) .
( 4 . 5 A). In all cases, residue D-iGln points out into solvent and does not interact directly with the lectin.
We were unsuccessful in co-crystallizing MurNAc with LOL I. Our model cannot explain the lower affinity of MurNAc for LOL I relative to that of Mur (Table I) . Since the C-2 N-acetyl group is directed toward solvent, it does not cause any steric conflict with the lectin. A possible explanation may be that Mur is less hydrophobic than MurNAc.
CONCLUSION
The binding of both Mur and MDP to LOL I via hydrogen bonding is restricted to the monosaccharide-binding site only. However, additional van der Waals' contacts are observed between their lactose methyl groups and the aromatic side chains of residues Tyr' OO and Trp"'. The fact that these interactions have not been observed in previously determined lectin-oligosaccharide complexes (Bourne et al., 1990b (Bourne et al., , 1992 suggests that the sugar-binding site of legume lectins can accommodate different types of sugar derivatives. These results also demonstrate flexibility in the ligand binding site of legume lectins. The fact that the interaction between the dipeptide D-Ala-D-iGln of MDP is mediated by well ordered water molecules only raises a question as to the usefulness of such short probes. However, our results suggest recognition of the entire peptidoglycan by lectins through additional subsites. It was recently shown that Vicieae lectins, in particular LOL I, have significant affinity toward the entire peptidoglycan isolated from Mycobacterium The observed mode of complexation could represent a mechanism by which P. RougB, personal communication. legume plants recognize bacteria during symbiosis. Structural studies of the complex between LOL I and a peptidoglycan unit are necessary to provide further insight into the recognition process occurring between bacteria and legume lectins.
